Abstract. The hypothesis that different secondary production estimation methods yield unbiased and equally precise estimates is tested using published data from 66 benthic invertebrate populations from lentic habitats. Tests are performed by Kruskal-Wallis one-way analysis of the residuals of a published empirical equation accounting for the important covariables biomass, body-mass, and water temperature. While no method was found to be significantly biased, the size-frequency method was less precise than the Allen curve, growth increment summation or instantaneous growth methods, yielding estimates about three times farther from the probable production values than other methods. Imprecision of inferred cohort production interval (CPI) is suggested as one source of error.
Secondary production measurements are nec essary for studying the transfer of energy and material in natural ecosystems and managing aquatic resources (Downing 1984) . Comparing secondary productivity of diverse aquatic eco systems is useful in forming general theories of aquatic productivity. Such theories will be tract able only if measures of secondary production are comparable among ecosystems. Several pro cedures based on common concepts of popu lation dynamics are currently used to make such estimates (Benke 1984 , Downing 1984 . The most commonly used methods for estimating inver tebrate population production are Allen curves, growth increment summation, instantaneous growth, and size-frequency. Each technique makes different simplifying assumptions about such factors as patterns of growth and mortality (Benke 1984, Rigler and Downing 1984) . Imprecisions in these assumptions can be trans lated into bias in resulting estimates.
Side-by-side comparisons of secondary pro duction methods suggest that under different conditions some techniques yield different es timates. Several authors (e.g.. Waters and Craw ford 1973 , Benke 1976 , Riklik and Momot 1982 , Lauzon and Harper 1986 have found that dif ferent calculation methods yield differences from 1 to 25% in estimated production. Simu lation studies corroborate this finding and show that different methods of production calcula tion must give rise to differences in estimated production rates. Cushman et al. (1977) com pared the removal summation, instantaneous growth and size-frequency methods and con cluded that all methods yield underestimates if their assumptions are not consistent with the characteristics of the population. Cushman et al. (1977) suggested that the removal summa tion method is the most robust and that biases can be reduced by increasing sampling inten sity. Morin et al. (1987) compared the size-fre quency, the Allen curve, the growth increment summation, and the instantaneous growth methods for populations with different patterns of growth, mortality and recruitment, using dif ferent degrees of sampling intensity. They dem onstrated that the size-frequency method should underestimate population production, espe cially where hatching is perfectly synchronous.
All methods were found to underestimate pro duction if the sampling interval did not cover intense periods of productivity. In addition, Morin et al. (1987) showed that sampling errors can result in both bias and imprecision in pro duction estimates, especially in the case of the size-frequency method.
All calculation methods give errors under certain circumstances. Such calculation errors may be insignificant because confidence inter vals around individual production estimates are broad (Morin et al. 1987) . No study to date has analyzed production data to see whether dif ferent production calculation methods actually give systematically biased or excessively vari able estimates under actual field conditions. The C. Plante and J. A. Downing [Volume 9 objective of this study was to compare pub to the analysis of covariance, are presented by Draper and Smith (1981) and Gujarati (1978) .
This study analyzes differences in residuals in published data on benthos production esti mated using three methods: the size-frequency method (SF), the Allen curve and growth in crement summation (AC-GS), and the instan taneous growth method (IG). Allen curve and growth increment summation were examined together because both are based on the rela tionship between the number of organisms and individual body mass in a cohort (Rigler and Downing 1984) . The data set analyzed consists of all of the 66 benthic invertebrate production estimates used to compute Equation 1. These populations come from 22 different ecosystems (Table 1) . They span a range of production from 0.03 to 66.40 g dry mass/m2/yr, a range of mean annual biomass from 0.002 to 10 g dry mass/ m2, a range of body-size from 0.01 jug to 60 mg dry mass, and were found in environments with average annual surface water temperatures ranging from 4 to 18°C (Table 1) . Of these es timates, 20 were made with the size-frequency technique, 26 were made with the Allen curve or growth increment summation methods, and 20 were made with the instantaneous growth technique.
The residuals from Plante and Downing's (1989) regression equation (Equation 1) (ob served log P -predicted log P) were calculated for each of 66 populations and two hypotheses were tested. The hypothesis that all three es timation procedures yielded equal residuals was tested using Kruskal-Wallis one-way analysis (Conover 1971 This difference means that, on average, sizefrequency estimates of production are about 3 times farther (inverse log of the difference be tween the median of the methods) from the most probable production value than the other two classes of methods. Table 3 are so highly significant that some lack of independence poses no practical problem to interpretation. Al though Table 2 shows that the size-frequency method yields no bias if a large number of pro duction estimates are considered, Table 3 shows that, on average, individual size-frequency pro duction estimates were significantly farther from the most probable production value than esti mates made with other methods.
Our results appear to contradict the simula tion studies of Morin et al. (1987) . Morin et al. (1987) . For example, Benke (1984) shows that all size-frequency estimates of sec ondary production must be corrected to annual Table 1 . Data used to test for empirical differences in bias and precision of secondary production estimates in populations of aquatic insect larvae made using the size-frequency (SF), Allen curve and growth increment summation (AC-GS), and instantaneous growth (IG) methods. Data are listed in decreasing order of absolute values of the residuals from Equation 1. The taxonomic group (Group) is indicated as I for insects, M for molluscs, C for crustaceans, and A for annelids. Resid. is the residual from Equation 1 (log observed -log predicted). Wm is the maximum individual body mass (mg dry mass), B is the annual mean biomass (g dry mass/m2), T is the mean annual water temperature (°C at surface), P is the secondary production (g dry mass/mVyr), and P is the secondary production predicted from Equation 1 (g dry mass/m2/yr). Some temperature data were obtained from other sources (see Plante and Downing 1989 Errors in annual production estimates by the size-frequency method will be proportional to differences between real and assumed time spent by a cohort to complete its growth. For example, some of the large residuals in Table 1 were found for larval chironomid populations in Lake Nor man by Wilda (1983) . The CPI for these popu lations was inferred from the laboratory-de rived development equation of Mackey (1977) . Table 2 . Kruskal-Wallis test (Conover 1971) for bias in various production estimation methods. The analysis was performed on the residuals from Equa tion 1 using estimation methods as treatment groups, p is the approximate Chi-square probability. In conclusion, the biases suggested by sim ulation studies do not appear to be a major prob lem in actual data. Use of the size-frequency method, or characteristics of populations that are studied using the size-frequency method, result in estimates that can be much farther from probable production values than the estimates found using Allen curve, growth increment summation and instantaneous growth tech niques. Much of this imprecision may arise from incorrect CPI correction, but could also stem either from a lack of synchrony in developing cohorts (Morin et al. 1987 with Morin et al. (1987) that, whenever possi ble, sufficient data should be collected to apply the Allen curve, increment summation or in stantaneous growth methods.
